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(54) Optical multi/demultlplexer 



(57) An optical multi/demultiplexer is provided that 
has a wide passband and small crosstalk among its ail 
channels. It includes first and second arrayed 
waveguide gratings (101,102) and a 2x2 optical signal 
processor (1 03) . The 2x2 optical signal processor (1 03) 
includes first to fourth directional couplers (104-107), 
and first to third delay lines (108-110). The first to third 
delay lines (108-110) have thin film heater phase shift- 



ers (1 11 -1 1 6) for correcting phase errors involved in fab- 
rication. Utilizing the 2x2 optical signal processor hav- 
ing a transmission spectmm with a square profile having 
a wide passband and rejection band makes it possible 
for the optical multi/demultiplexer that combines the ar- 
rayed waveguide gratings with the waveguide type cir- 
culating filter (2X2 optical signal processor) to widen the 
extinction bandwidth of the adjacent channel. 
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Description 



[0001] The present invention relates to an optical mul- 
ti/demultiplexer for multiplexing optical signals at high 
density in an optical communication or an optical switch- 
ing field. 

[0002J Recently, wavelength multiplexing of an In- 
creasing number of channels has been studied to meet 
the growing demand of communication traffic. Besides 
because of the limited low-loss bandwidth of optical fib- 
ers or the limited low-noise amplification bandwidth of 
rate-earth doped fiber amplifiers such as Erbium-doped 
fiber amplifiers, optical multi/demultiplexers that can 
handle optical signals with a narrower channel spacing 
are required. An-ayed waveguide gratings (AWGs) are 
a typical optical multWemultiplexer to meet such a 
need. 

[0003] An arrayed waveguide grating, which can mul- 
tiplex a large number of signals at once by itself is ap- 
plicable to an optical communication system, and is ac- 
tually used in currently operating optical systems. As for 
an optical multi/demultiplexer like the arrayed 
waveguide grating that handles a number of signals (no 
less than eight waves), unless the crosstalk per channel 
IS very small, it will be inapplicable to an optteal commu- 
nication system because of thecumulativenoise Today 
arrayed waveguide gratings with a 100-GHz channel 
spacing achieve small enough crosstalk of less than -40 
dB, and are in mass production already. However as for 
the arrayed waveguide gratings with a narrower'wave- 
length spacing of a 10-GHz channel spacing the vol- 
ume production has not yet implemented because of a 
problem in that small crosstalk cannot be obtained un- 
less the phase error at the fabrication is precisely esti- 
mated and compensated. 

[0004] Apart from the arrayed waveguide gratings 
there are some optical multi/demultiplexing devices uti- 
lizing components such as fiber gratings or thin film fil- 
ters. However, it is difficult for them to simultaneously 
satisfy such requirements as channel configuration with 
a precise wavelength spacing, small excess loss and 
small loss imbalance of individual channels. Thus there 
are proposed optical multi/demultiplexere that can han- 
dle only a few channels. 

[0005] To implement an optical multl/demuitiplexer 
that can handle optical signals at a narower wavelength 
spacing, a method is proposed that combines two exist- 
ing arrayed waveguide gratings with a Mach-Zehnder 
filter with an FSR (Free Spectral Range) equal to the 
channel spacing of the an-ayed waveguide gratings 
[0006] Using this method can construct an optical 
multi/demultiplexer capable of apparently doubling the 
number of channels of the an-ayed waveguide grating 
using the existing arrayed waveguide gratings. In addi- 
tion, since both the arrayed waveguide gratings and the 
Mach-Zehnder filter can be composed of the same type 
optical waveguides, the method does not involve any 
problem of connection loss, and they can be easily in- 



tegrated on the same substrate. Above all, the method 
has an advantage of being able to suppress the cross- 
talk with other channels except for the adjacent chan- 
nels to sufficiently small value by means of the existing 
s arrayed waveguide gratings. 

[0007] However, since the Mach-Zehnder filter has a 
narrow rejection bandwidth, and hence adjacent chan- 
nels of the opticalmulti/demultlplexer constructed by the 
method also has a nan-ow rejection bandwidth, utilizing 
10 the Mach-Zehnder filter with such a transmission spec- 
trum has a problem of being unable to sufffciently Im- 
prove the adjacent channel crosstalk considering the 
center wavelength variations of optical signals. Besides 
since the optical signal of the channel passes two filters' 
" the passband width becomes nan-ower. Thus, the opti- 
cal multi/demultiplexer constructed by combining the 
Mach-Zehnder filter with the arrayed waveguide grat- 
ings has a problem of narrowing the allowed bandwidth 
of the optical signal wavelength. 
20 [0008] The present Invention is implemented to solve 
the foregoing problems. Therefore, an object of the 
present invention is to provide an optical multi/demulti- 
plexer that has a wide passband and small crosstalk 
over all channels, for handling optical signals of multiple 
2s wavelengths with narrow channels. 

[0009] To accomplish the object of the present Inven- 
tion, there is provided an optical multi/demultiplexer in- 
cluding M arrayed waveguide gratings and a waveguide 
type circulating filter connected in cascade, each of the 
30 arrayed waveguide gratings having a same channel 
spacing and a center wavelength of a channel shifted 
by an amount of 1/M of the channel spacing, and the 
waveguide type circulating filter having M periodic out- 
put transmission spectra with a repetition period identi- 
35 cal to the channel spacing, wherein the waveguide type 
circulating filter comprising: two optfcal waveguides; (N 
+ 1) directional couplers for coupling the optical 
waveguides at (N + 1 ) different locations, where N is an 
integer greater than one; and means for providing the 
40 optical waveguides at N locations between the direction- 
al couplers with an optical path length difference. 
[0010] Here, a first directional coupler of the direction- 
al couplers may have an angular representation of a 
coupling coefficient of 0.257t. where the angular repre- 
4S sentation of the coupling coefficient = sin" W(power cou- 
pling ratio), and remaining (N - 1 ) optical path length dif- 
ferences may be given by ±2mL ± m'X/2, where m and 
m' are integers Including zero, X is center wavelength 
and L is the optical path length difference of the first op- 
so tical waveguide. Here, the "power coupling ratio" is de- 
fined by P2/(P1 + 92) when a light signal is launched 
into one of the input ports of a directional coupler, where 
PI (mW) is optical power output from an output port con- 
nected to the Input port, and P2 (mW) is optical power 
55 output from an output port of the other waveguide. 
[0011] An (N + l)th directional coupler of the direc- 
tional couplers may have an angular representation of 
a coupling coefficient of 0.257c, where the angular rep- 
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resentation of the coupling coefficient = sln'W(power 
coupling ratio), and remaining (N - 1 ) optical path length 
differences may be given by ±2mL ± where m 
and m' are integers including zero, X is center wave- 
length, and L is the optical path length difference of an s 
Nth optical waveguide. 

[0012] Angular representations of coupling coeffi- 
cients of the first, second and third directional couplers, 
and the optical path length differences at first and sec- 
ond locations may be give by one of two sets consisting io 
of {7t/4. (7t/3) - X, (7C/12) + X. L, 2L ± 7J2] and {n/4, (n/6) 
+ X, (n/^ 2) + X, L, -2L}, where 0^x^0.1. 
[0013] Angular representations of coupling coeffi- 
cients of third, second and first directional couplers, and 
the optical path length differences at second and first i5 
locations may be give by one of two sets consisting of 
{7C/4. (7C/3) - X, (7C/12) + X, L, 2L ± A/2} and {jc/4, {iiJ6) + 
X, (7t/12) + X, L, -2L}, where 0 ^ x ^ 0.1 . 
[0014] At least one of the directional couplers may 
consist of a tunable coupler 20 
[001 5] At least one of the two waveguides that provide 
the N optical path length differences may include a 
phase shifter. 

[0016] Thus, the waveguide type circulating filter In 
accordance with the present invention comprises the 25 
two optical waveguides and the (N + 1 ) directional cou- 
plers that couple the optical waveguides at (N + 1 ) loca- 
tions. whereN is an integer greater than one. As a result. 
It can widen the rejection bandwidth of the adjacent 
channels of the optical multi/demultiplexer including the 30 
combination of the arrayed waveguide gratings and the 
waveguide type circulating filter. It is preferable that the 
waveguide type circulating filter consist of a 2x2 optical 
signal processor capable of having transmission spec- 
tra with a square profile having a wide passband and 35 
rejection band. This enables the crosstalk among all the 
channels to be suppressed to a small amount even tak- 
ing account of the center wavelength variations of the 
optical signal. 

[0017] As for the transmission channels, since the 40 
waveguide type circulating filter has a wide flat-top pass- 
band and rejection band, it has an advantage of being 
able to prevent the reduction ofthe properpassbandthe 
arrayed waveguide gratings. 

[0018] Thus, utilizing the optical waveguide filter with 45 
the configuration in accordance with the present inven- 
tion can provide an optical multi/demultiplexer with a 
wide passband and small crosstalk over all the chan- 
nels, even when doubling the number of channels of the 
existing arrayed waveguide grating. 50 
[0019] As described above, according to the present 
invention, the waveguide type circulating filter utilizes 
the 2x2 optical signal processor that comprises the two 
optical waveguides and the (N + 1 ) directional couplers 
that couple the optical waveguides at (N + 1 ) locations, 55 
where N is an integer greater than one, that provides 
the optical waveguides with the optical path length dif- 
ferences at N locations between the directional cou- 



plers, and that can provide transmission spectra with a 
square profile having a wide passband and rejection 
band. As a result, it can widen the rejection bandwidth 
of the adjacent channels of the optical multi/demultiplex- 
er including the combination of the arrayed waveguide 
gratings and the waveguide type circulating filter. This 
enables the crosstalk among all the channels even tak- 
ing account of the center wavelength variations of the 
optical signal. 

[0020] Furthermore, as forthe transmission channels, 
since the waveguide type circulating filter has a wide 
flat-top passband, It has an advantage of being able to 
prevent the reduction in the proper passband of the ar- 
rayed waveguide gratings. 

[0021] Thus, utilizing the optical waveguide filter with 
the configuration In accordance with the present Inven- 
tion can provide an optical multi/demultiplexer with a 
wide passband and small crosstalk over all the chan- 
nels, even when doubling the number of channels ofthe 
existing an^ayed waveguide grating. 
[0022] The above and other objects, features and ad- 
vantages of the present invention will become more ap- 
parent from the following description of embodiments 
thereof taken In conjunction with the accompanying 
drawings. 

Fig. 1 is a diagram showing a configuration of a first 
embodiment ofthe optical multi/demultiplexer in ac- 
cordance with the present Invention; 
Fig. 2 is a diagram illustrating the transmission char- 
acteristic of the first embodiment and transmission 
characteristics of Its components; 
Fig, 3 is a diagram showing a configuration of a con- 
ventional optical multi/demultiplexer; 
Fig. 4 is a diagram illustrating the transmission char- 
acteristic of the conventional optical multi/demulti- 
plexer and transmission characteristics of Its com- 
ponents; 

Fig. 5 is a diagram illustrating crosstalk of adjacent 
channels in the first embodiment and In the conven- 
tional optical multi/demultiplexer; 
Fig. 6 is a diagram illustrating enlarged spectrum In 
the passband of the first embodiment and that of 
the conventional optical multi/demultiplexer; 
Fig. 7 is a diagram showing a configuration of a sec- 
ond embodiment of the optical multi/demultiplexer 
in accordance with the present invention; 
Fig. 8 is a diagram illustrating the transmission char- 
acteristic of the second embodiment and transmis- 
sion characteristics of its components; 
Fig. 9 is a diagram illustrating enlarged spectra of 
the passband of a 2X2 waveguide type filter con- 
stituting the second embodiment; 
Fig. 10 is a diagram Illustrating enlarged spectra of 
the passband of the second embodiment; 
Fig. 11 is a diagram showing a configuration of a 
third embodiment of the optical multi/demultiplexer 
in accordance with the present invention; and 
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Fig. 12 Is a diagram illustrating the transmission 
characteristic of the third embodiment. 



[0023] The prefen-ed embodiments of the present in- 
vention will now be described with reference to the ac- 
companying drawings. 

[0024] Fig. 1 is a diagram showing a configuration of 
a first embodiment of the optical multi/demultiplexer in 
accordance with the present invention. In this figure, ref- 
erence numerals 101 and 102 designate first and sec- 
ond arrayed waveguide gratings, and the reference nu- 
meral 103 designates a 2x2 optical signal processor 
constituting a waveguide type circulating filter. The 2x2 
optical signal processor 103 comprises first, second, 
third and fourth directional couplers 104, 105, 106 and 
1 07, and first, second and third delay lines 1 08 , 1 09 and 
1 1 0. The first, second and third delay lines 1 08, 1 09 and 
11 0 are provided with thin film heater phase shifters 1 1 1 
and 112. 113 and 114, and 116 and 116 for correcting 
phase errors involved in fabrication. In addition, to check 
the adjustment conditions of the thin film heater phase 
shifters 111, 112, 113, 114, 115 and 116, a monitoring 
optical waveguide 117 is attached halfway through the 
arrayed waveguide grating 101 . 
[0025] The arrayed waveguide gratings 1 01 and 1 02 
have a channel spacing of 1 00 GHz each with their cent- 
er wavelengths shifted by 50 GHz. The 2X2 optical sig- 
nal processor 103 has an FSR of 100 GHz, and is fab- 
ricated such that the output ports are switched at every 
50 GHz interval. In addition, the angular representations 
of the coupling coefficients of the first, second, third and 
fourth directional couplers 104, 105, 106 and 107 are 
designed to have 3jc/8. n/S and 7c/24. respectively, 
such that the 2x2 optical signal processor 103 has a 
flat-top spectrum. Furthennore, the first, second and 
third delay lines 1 08, 1 09 and 1 1 0 are designed to be L, 
2L + 7J2 and 2L + X/2 long, respectively, where X = 1 553. 
6 nm, nL = 3 mm and n is the effective index of the chan- 
nel waveguide. The calculation of parameters is can-ied 
out by a method described In Jinguji etc., "Optical Half- 
Band Filters", JOURNAL OF LIGHTWAVE TECHNOL- 
OGY, VOL. 18. NO. 2, FEBRUARY 2000, pp. 252-259. 
[0026] Although the present embodiment uses the pa- 
rameters as described above, the combination of the pa- 
rameters is not only one, so that the present invention 
is not limited to the combinations of the waveguide pa- 
rameters of the present embodiment. 
[0027] Actual waveguides were fabricated by combin- 
ing a technique of forming a silica-based glass thick film 
on an Si substrate by flame hydrolysis deposition (FHD) 
with a waveguide process carried out by photolithogra- 
phy and dry etching. The waveguides finally fabricated 
had a cross-sectional shape of 7 m high and 7 fim 
width, and a relative refractive index difference of 
0.75%, 

[0028] The fabricated waveguides had their end sur- 
faces cut off with a dicing saw, and their input and output 
waveguides connected to dispersion-shifted fibers 



which were commonly used in transmission lines in Ja- 
pan, and then were subjected to estimation. The ASE 
(Amplified Spontaneous Emission) light emitted from an 
Ert3ium-doped optical fiber amplifier was input to the 
5 2X2 optical signal processor 103, and the operating 
points of the thin film heater phase shifters 1 11 , 1 1 2, 1 1 3, 
114, 116 and 116 were determined with monitoring the 
light output from the monitor port of the optical 
waveguide 117 by an optical spectrum analyzer. After- 
10 ward, launching the ASE light to the 2x2 optical signal 
processor 103. the light beams output from the arrayed 
waveguide gratings 1 01 and 1 02 were estimated by the 
optical spectrum analyzer. After estimating the charac- 
teristics of the entire circuit In accordance with the 
IS present Invention in this way, the arrayed waveguide 
gratings 1 01 and 102 were separated from the 2x2 op- 
tical signal processor 1 03 with the dicing sawto estimat- 
ed the Individual transmission spectra. 
[0029] Fig. 2 is a graph illustrating the transmission 
20 spectrum of the entire circuit near 1 93. 1 THz, that of the 
arrayed waveguide gratings, and that of the 2x2 optical 
signal processor. The passband of the an-ayed 
waveguide gratings agrees vyith that of the 2x2 optical 
signal processor as a result of appropriately setting the 
25 operating points of the phase shifters. It is seen from 
Fig. 2 that the center wavelength of the passband 1 93.1 
THz is Isolated from the light separated apart by 100 
GHz or more by the arrayed waveguide grating, and 
from the 50 GHz adjacent light of the closest channel by 
30 the 2X2 optical signal processor, as a result of combin- 
ing the two optical filters, the an-ayed waveguide grat- 
ings and the 2x2 optical signal processor plus. 
[0030] Fig. 3 is a diagram showing a conventional op- 
tical circuit consisting of a combination of a Mach-Zeh- 
35 nderfllter and an-ayed waveguide gratings. In this figure, 
reference numerals 301 and 302 each designate an ar- 
rayed waveguide grating; the reference numeral 303 
designates a Mach-Zehnder filter; reference numerals 
304 and 305 each designate a directional coupler; the 
40 reference numeral 306 designates a delay line; and ref- 
erence numerals 307 and 308 each designate a thin film 
heater phase shifter. Fig. 4 illustrates transmission char- 
acteristics. Here, the transmission characteristics of the 
conventional optical circuit as illustrated in Fig. 4 will be 
compared with the transmission characteristics of the 
optical circuit in accordance with the present invention 
as shown in Fig. 2. 

[0031] Fig, 5 illustrates the enlarged transmission 
spectra of the adjacent channels of the transmission 
50 characteristics of the two optical circuits. Although the 
two optical circuits have low crosstalk less than -30dB 
at 193.15 THz, their rejection bandwidth greatly differ. 
For example, to achieve the crosstalk of -30 dB or less, 
although the conventional optical circuit must have a 
55 separation of about 49 GHz from the center wavelength 
of the passband, it Is enough for the optical circuit In 
accordance with the present invention to have a sepa- 
ration of about 45 GHz. In other words, the bandwidth 
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providing the crosstalk of -30 dB or less near the adja- 
cent channel is about 2 GHz in the conventional exam- 
ple, but about 1 0 GHz in the optical circuit in accordance 
with the present invention. Comparing with the channel 
spacing of 50 GHz, although the conventional optical cir- 5 
cult has an rejection range of 4%, the optical circuit In 
accordance with the present invention has a much wider 
rejection range of 20%. 

[0032] Fig. 6 Illustrates enlarged transmission spectra 
of the transmission channels of the two circuits. Al- io 
though the two circuits have little difference in the trans- 
mittance at 193.10 THz, they have great differences In 
the variations in the transmittance with respect to the 
frequency. Defining a 1 -dB passband width as a band- 
width that allows the transmittance degradation down to is 
1 dB with reference to the transmittance at the center 
wavelength of the passband, although the conventional 
optical circuit has a 1 -dB passband width of 22 GHz, the 
optical circuit in accordance with the present invention 
has a 1 -dB passband width of 28 GHz. Comparing with 20 
the channel spacing of 50 GHz, It is seen that although 
the transmittance degradation of less than 1 dB occu- 
pies 44% in the conventional optical circuit, it increases 
to 56% in the configuration of the optical circuit in ac- 
cordance with the present invention. 25 
[0033] Which one of the two waveguides of the 2x2 
optical signal processor 103 is to be used as the input 
waveguide depends on the wavelength allocation of the 
2x2 optical signal processor 103 and the two arrayed 
waveguide gratings 101 and 102. However, since the 30 
present example of the optical multi/demultiplexer can 
switch the input waveguide by shifting its phase by an 
amount of n by operating the phase shifter 111 or 112, 
it is unnecessary to specify the Input waveguide. 
[0034] Fig. 7 is a diagram showing a configuration of 35 
Si second embodiment of the optical multi/demultiplexer 
in accordance with the present invention. 
[0035] The second embodiment has two operation 
modes: one Is to reduce the adjacent channel crosstalk; 
and the other is to increase the passband width, the de- 40 
tails of which will now be described. 
[0036] The second embodiment comprises two ar- 
rayed waveguide gratings 701 and 702, and a 2x2 op- 
tical signal processor 703 serving as a waveguide type 
circulating filter. The 2X2 optical signal processor 703 45 
comprises a directional coupler 704, tunable couplers 
713 and 714, and delay lines 709 and 711 . The tunable 
coupler 71 3 comprises two directional couplers 705 and 
706, and a delay line 710 interposed between them. 
Likewise, the tunable coupler 71 4 comprises two direc- 50 
tional couplers 707 and 708, and a delay line 712 inter- 
posed between them. The delay lines 709, 71 0, 71 1 and 
712 each comprises two of the thin film heater phase 
shifters 715-722 to correct the phase errors involved in 
the fabrication. Besides, a monitoring optical waveguide ss 
723 is attached to the midpoint of the arrayed waveguide 
grating 701 to check the adjustment conditions of the 
thin film heater phase shifters 71 5-722. 



[0037] The delay lines 709 and 711 are designed to 
have delays of L and 2L + X/2, respectively, where \ = 
1553.6 nm, nL = 3 mm, and n is an effective index of the 
channel waveguides. The directional couplers 704, 705, 
706, 707 and 708 are all designed to have an angular 
representation of the coupling coefficient of nJA, and the 
delay lines 71 0 and 71 2 are designed to have delays of 
A/6 and 5A/12, respectively, where X = 1 553.6 nm. With- 
out fabrication eaors, the tunable couplers 713 and 714 
will have an angular representation of the coupling co- 
efficient of 71/3 and 7c/12, respectively The target coeffi- 
cients it/3 and 7C/12 can be achieved in spite of small 
phase errors of the directional couplers and optical path 
lengths because the tunable couplers 713 and 714 can 
totally adjust their angular representations of the cou- 
pling coefficients by operating the phase shifters 717, 
718, 721 and 722. In addition, their angular representa- 
tions of the coupling coefficients can be adjusted to giv- 
en values such as (n/3) - x, (7c/12) + x, etc. The target 
values of the parameters of the 2x2 optical signal proc- 
essor of the second embodiment are also computed by 
the method described in the foregoing reference, Jinguji 
etc., "Optical Half-Band Filters", JOURNAL OF LIGHT- 
WAVE TECHNOLOGY. VOL. 18, NO. 2, FEBRUARY 
2000, pp. 252-259. 

[0038] Although the present embodiment uses the pa- 
rameters as described above, the combination of the pa- 
rameters Is not limited to only one. For example, the 
same effect can be achieved by setting the angular rep- 
resentations of the coupling coefficients at (7c/6) 4- x and 
(7C/12) + X, and the optical path length differences at L 
and -2L, or by replacing the order of these values. Ac- 
cordingly, the present invention is not limited to the com- 
binations of the waveguide parameters of the present 
embodiment. 

[0039] The actual waveguides of the present embod- 
iment were also fabricated by the combination of the 
technique of forming a silica-based glass thick film on 
an Si substrate by flame hydrolysis deposition with the 
waveguide process carried out by the photolithography 
and dry etching. The waveguide finally fabricated had a 
cross-sectional shape of 7|i m high and 7 jxm width, and 
a relative refractive index difference of 0.75%. 
[0040] The fabricated waveguides were estimated by 
the same method as that of the first embodiment. Spe- 
cifically, they had their end surfaces cut off with a dicing 
saw, and their input and output waveguides connected 
to dispersion-shifted fibers commonly used as transmis- 
sion lines in Japan, and were subjected to the estima- 
tion. The ASE light emitted from the EriDium-doped op- 
tical fiber amplifier was input to the 2x2 optical signal 
processor 703, and the operating points of the phase 
shifters 715-722 were determined while monitoring the 
light output from the monitor port of the optical 
waveguide 723 by an optical spectrum analyzer After- 
ward, launching the ASE light to the end on the 2x2 
optical signal processor side, the light beams output 
from the arrayed waveguide gratings 701 and 702 were 
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estimated by the optical spectrum analyzer. After these 
measurements followed by estimating the characteris- 
tics of the entire circuit in accordance with the present 
invention In this way, the arrayed waveguide gratings 
701 and 702 were separated from the 2x2 optical signal 
processor 703 with the dicing saw to estimated the in- 
dividual transmission spectra. 

[0041] Next, the usage for suppressing the adjacent 
channel crosstalk will be described along with the char- 
acteristics thereof, first. 

[0042] Fig. 8 is a diagram Illustrating the transmission 
spectrum of the port whose center wavelength of the 
passband is 1 93.1 THz, when the tunable couplers 713 
and 714 are adjusted to have angular representations 
of the coupling coefficients of exactly n/3 and 7u/12, re- 
spectively. The extinction ratio of the 2X2 optical signal 
processor Is greater than that of the first example be- 
cause the variations Involved In fabricating the direction- 
al couplers are corrected by using the tunable couplers. 
As a result, the second embodiment of the optical circuit 
can achieve the crosstalk of less than -40 dB near the 
adjacent channel of 193.15 THz. 
[0043] Next, the usage of Increasing the passband 
widih will be described along with the characteristics 
Ihcroof. 

I0044J Fig. 9 illustrates enlarged spectra of the pass- 
band of the 2x2 optical signal processor when x = 0.00, 
0.03 and 0.06, in the case where the tunable couplers 
713 and 714 have angular representations of the cou- 
pling coefficients of (jc/3) - x and (n/l 2) + x, respectively. 
At the passband center wavelength of 193.1 THz, al- 
though the transmission characteristic Is flat when'x = 
0.00. it comes to have a small ripple as the x increases. 
The curvature of the ripple can be set freely by varying 
the x. In addition, it Is seen that the 1 -dB passband width 
is slightly increases with the increase of the x. 
[0045] Fig. 1 0 Is a diagram Illustrating enlarged spec- 
tra of the passband when the 2x2 optical signal proc- 
essor 703 is combined with the arrayed waveguide grat- 
ings 701 and 702, when x = 0.00, 0.03 and 0.06. Corre- 
sponding to the ripples of Fig. 9, although the spectrum 
profile in the passband protmdes upward when x = 0.00, 
it protrudes downward when the x Increases to 0.06. \r\ 
the second embodiment, the flat-top region becomes 
maximum near the center wavelength of the passband 
when the x = 0.03. 

[0046] Table 1 shows minimum losses in the pass- 
band, losses at the center wavelength of the passband, 
1-dB passband widths from the minimum losses in the 
passband and ratios of the 1 dB bandwidth and the chan- 
nel spacing, when the x is 0.00, 0.03 and 0.06. respec- 
tively. 



TABLE 1 (continued) 



X 


0.00 


0.03 


0.06 


loss at center wavelength 


1.65 


1.80 


2.28 


1-dB width (GHz) 


27.5 


30 


35 


1-dB width/ch spacing 


56% 


60% 


70% 



15 



25 



TABLE 1 





0.00 


0.03 


0.06 


minimum loss (dB) 


1.65 


1.80 


2.03 



[0047] When x =^ 0.03, although the minimum loss In 
the passband Is degraded by a little less than 0,2 dB, 
the flattest-top profile is achieved near the passband 
center wavelength. On the other hand, when x = 0.06, 
although the minimum loss In the passband is degraded 
by a little less than 0.4 dB and a ripple of a little less than 
0.3 dB occurs, the 1-dB passband width is maximum 
among the 1-dB passband widths when x = 0, 0.03 and 
0.06, and reaches 35 GHz. In that case, the 1-dB pass- 
band width against the channel width of 50 GHz is as 
large as about 70%. 

20 

[0046] In the second embodiment, although the flat- 
top region Is maximum near the center wavelength of 
the passband when x = 0.03, the final profile of the pass- 
band depends on the value of x and the design of ar- 
rayed waveguide gratings. However, the value x = 0.00 
- 0.10 can usually Implement the flat-top region be- 
comes maximum, and the maximum 1-dB passband 
width. 

[0049] As in the first embodiment, it depends on the 
wavelength allocation of the 2 x2 optical signal proces- 
sor 703 and the two aaayed waveguide gratings 701 
and 702 which one of the two waveguides of the 2X2 
optical signal processor 703 is to be used as the Input 
waveguide In the second embodiment. However, since 
^ the present embodiment of the optical multi/demultlplex- 
er can also switch the Input waveguide by shifting its 
phase by an amount of n by operating the phase shifter 
715 or 716, It Is unnecessary to specify the input 
waveguide. The present invention Is not limited to the 
combinations of the waveguide parameters of these em- 
bodiments. 

[0050] Fig. 1 1 is a diagram showing a configuration of 
a third embodiment of the optical multl/demultiplexer In 
accordance with the present invention. 
[0051] The third embodiment of the optical multi/de- 
multiplexer comprises four arrayed waveguide gratings 
11 01 , 1 1 02, 1 1 03 and 1 1 04, and three 2x2 optical signal 
processors 1105. 1106 and 1107 serving as a 
waveguide type circulating filter. The channel spacing 
of the four arrayed waveguide gratings is made equal to 
the FSR of the two 2x2 optical signal processors 1105 
and 1106 and to the channel spacing of the 2x2 optical 
signal processor 1 1 07. Besides, the center wavelengths 
of the four arrayed waveguide gratings shift from each 
other by a quarter wavelength of the channel spacing of 
the arrayed waveguide gratings, and the center wave- 
lengths of the 2X2 optical signal processors 1105 and 
1106 are designed to be shifted by half the channel 
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spacing of the arrayed waveguide gratings. 
[0052] The optimum values of the parameters of the 
three 2x2 optical signal processors in the third embod- 
iment are also computed by the method described in Jin> 
guji etc., "Optical Half-Band Filters", JOURNAL OF 5 
LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 2, FEBRU- 
ARY 2000, pp. 252-259. 

[0053] The optical multl/demultiplexer of the third em- 
bodiment was fabricated and estimated in the same 
manner as that of the first and second embodiment. Fig. io 
12 illustrates the transmission characteristic of the opti- 
cal multi/demultiplexer of the third example. In the third 
embodiment the nearest adjacent channel is 193.125 
THz, which is closer to the channel of 1 93. 1 25 THz than 
the closest adjacent channel in the first and second em- is 
bodiments of the optical multi/demultiplexer. Fig. 12 il- 
lustrates that the crosstalk of a little less than -30 dB 
takes place near the 1 93. 1 25 THz. In addition, a flat-top 
transmission characteristic is obtained near the pass- 
band frequency of 193.1 THz. 20 
[0054] In the configuration of the third embodiment of 
the optical multi/demultiplexer as shown in Fig. 1 1 , there 
are many combinations of the design parameters of the 
2X2 optical signal processors such as the number of 
stages of the 2X2 optical signal processors, the plus or 25 
minus of the delay amounts of the delay lines, and the 
angular representations of the coupling coefficients of 
the directional couplers. In addition, It Is unnecessary 
for the 2x2 optical signal processors 1105 and 11 06 to 
lake the same configuration. There are several config- 3o 
uratlons that provide the same effect such as changing 
the waveguide to be connected to the 2x2 optical signal 
processor 1107. 

[0055] Furthermore, although the third embodiment 
employs four arrayed waveguide gratings and three 35 
2x2 optical signal processors, their numbers are not 
limited to those numbers. For example, using eight ar- 
rayed waveguide gratings and seven 2x2 optical signal 
processors makes It possible to fabricate a multi-chan- 
nel, low crosstalk, wide passband optical multi/demuiti- 40 
plexer. In other words, although the configuration of the 
third example of the optfcal multi/demultiplexer is shown 
In Fig. 1 1 , the present Invention Is not limited to the com- 
binations of the design parameters of the 2x2 optical 
signal processors, or to the combinations of the arrayed 45 
waveguide gratings and the 2x2 optical signal proces- 
sors of the present embodiment, 
[0056] Thus, the present invention is not limited to the 
embodiments used for describing the configurations 
and operations in accordance with the present inven- so 
tion. For example, although the silica-based optical 
waveguides are used in the foregoing embodiment. It Is 
also possible to form the optical waveguide circuits us- 
ing other materials such as semiconductors, LINbOa 
and polymer. Furthermore, although the 2x2 optical sig- 55 
nal processors of the foregoing embodiments employ 
the directional couplers, all or part of the directional cou- 
plers can be replaced by MMIs (Multi-Mode Interference 



couplers), or by multimode Interference couplers with 
arbitrary power splitting ratio consisting of a combination 
of MMIs and delay lines with similar effect but for an In- 
crease in the loss. An example of the multimode inter- 
ference couplers with arbitrary power splitting ratio con- 
sisting of a combination of MMIs and delay lines Is de- 
scribed by T. Saida et al., "Silica-based 2x2 multimode 
interference coupler with arbitrary power splitting ratio". 
Electron Lett., 1999, vol. 35, pp. 1-2. Moreover, although 
the foregoing embodiments utilize the thermooptic ef- 
fect as a phase control method, other control methods 
can also be used utilizing electrooptte effect, refractive 
Index change induced by in-adiation etc. 
[0057] The present Invention implements the optical 
multi/demultiplexer with a good transmittance spectrum 
by utilizing the fact that the 2x2 signal processor has a 
high degree of design flexibility In the transmittance. The 
2x2 signal processors employed in the present inven- 
tion have a high degree of design flexibility in the group 
delay characteristics of the optical signals passing 
through them, and are studied Intensively. An example 
of the 2X2 signal processor achievable of an arbitrary 
group delay is disclosed In Takiguchi etc. "Variable 
group delay dispersion equalizer based on a lattice form 
programmable optical filter", Electron Lett., 1995, vol. 
31 , pp. 1240-1241 . It can control the group delay of the 
optical multi/demultiplexer In its entirety such as cance- 
ling the group delays with each other because it utilizes 
the group delays of the arrayed waveguide gratings us- 
ing taper waveguides or parabola waveguides, or the 
group delays of the 2 x2 signal processor itself, by com- 
bining them. 

[0058] The present Invention has been described In 
detail with respect to prefen-ed embodiments, and it will 
now be apparent from the foregoing to those skilled In 
the art that changes and modifications may be made 
without departing from the invention In its broader as- 
pect, and it is the intention, therefore, In the apparent 
claims to cover all such changes and modifications as 
fall within the true spirit of the invention. 



Claims 

1. An optical multi/demultiplexer Including M an^ayed 
waveguide gratings and a waveguide type circulat- 
ing filter connected In cascade, each of the arrayed 
waveguide gratings having a same channel spacing 
and a center wavelength of a channel shifted by an 
amount of 1/M of the channel spacing, and the 
waveguide type circulating filter having M periodic 
output transmission spectra with a repetition period 
Identical to the channel spacing, wherein said 
waveguide type circulating filter characterized by 
comprising: 

two optical waveguides; 

(N + 1 ) directional couplers for coupling said op- 
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tical waveguides at (N + 1) different locations, 
where N is an integer greater than one; and 
means for providing said optical waveguides at 
N locations between said directional couplers 
witli an optical path length difference. 

2. The optical multi/demultiplexer as claimed in claim 
1, characterized In that a first directional coupler 
of said directional couplers has an angular repre- 
sentation of a coupling coefficient of 0.267c, where 
the angular representation of the coupling coeffi- 
cient =: sin"iV(power coupling ratio), and remaining 
(N - 1) optical path length differences are given by 
±2mL ± m'X/2. where m and m' are integers includ- 
ing zero, X is center wavelength, and L is the optical 
path length difference of the first optical waveguide. 

3. The optical multi/demultiplexer as claimed in claim 
2, characterized In that angular representations of 
coupling coefficients of the first, second and third 
directional couplers, and the optical path length dif- 
ferences at first and second locations are give by 
one of two sets consisting of {n/4, (n/3) - x, (7c/12) + 
X. L,2L±A/2) and{ji/4, (7c/6) + x. (jc/12) + x, L, -2L}, 
where 0 ^ x ^ 0,1. 
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4. The optical multi/demultiplexer as claimed in claim 
3, characterized in that at least one of said direc- 
tional couplers consists of a tunable coupler. 

5. The optical multi/demultiplexer as claimed in claim 
3, characterized In that at least one of the two 
waveguides that provide the N optical path length 
differences includes a phase shifter. 

6. The optical multl/demultlplexer as claimed in claim 
2. characterized In that at least one of said direc- 
tional couplers consists of a tunable coupler. 

7. The optical multi/demultiplexer as claimed in claim 
2. characterized in that at least one of the two 
waveguides that provide the N optical path length 
differences Includes a phase shifter. 



30 



35 



coupling coefficients of third, second and first direc- 
tional couplers, and the optical path length differ- 
ences at second and first locations are give by one 
of two sets consisting of {n/4, {n/3) - x, (n /12) 4- x 
L, 2L ± X/2} and {n/4, {n/S) + x, (n/12) + x, L, -2L)i 
- whereO^x^ 0.1. 

10. The optical multi/demultiplexer as claimed in claim 
9, characterized in that at least one of said direc- 
tional couplers consists of a tunable coupler. 

11. The optical multi/demultiplexer as claimed In claim 
9, characterized In that at least one of the two 
waveguides that provide the N optical path length 
differences includes a phase shifter. 

12. The optical multl/demuftlplexer as claimed in claim 
8, characterized In that at least one of said direc- 
tional couplers consists of a tunable coupler 

13. The optical multi/demultiplexer as claimed In claim 
8, characterized In that at least one of the two 
waveguides that provide the N optical path length 
differences includes a phase shifter 

14. The optical multi/demultiplexer as claimed In claim 
1 , characterized In that at least one of said direc- 
tional couplers consists of a tunable coupler 

15. The optical multi/demultiplexer as claimed in claim 
14, characterized In that at least one of the two 
waveguides that provide the N optical path length 

' differences includes a phase shifter 

16. The optical multi/demultiplexer as claimed in claim 
1 , characterized In that at least one of the two 
waveguides that provide the N optical path length 
differences Includes a phase shifter. 
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8. 



The optical multi/demultiplexer as claimed in claim 
1, characterized In that an (N + 1)th directional 
coupler of said directional couplers has an angular 
representation of a coupling coefficient of 0.257c. 
where the angular representation of the coupling 
coefficient = sin-V(power coupling ratio), and re- 
maining (N - 1) optical path length differences are 
given by±2mL±m'A/2, where m and m' are Integers 
including zero. X is center wavelength, and L is the 
optical path length difference of an Nth optical 
waveguide. 



9. The optical multi/demultiplexer as claimed in claim 
8, characterized In that angular representations of 
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(54) Optical multl/demultiplexer 

(57) An optical multl/demultiplexer is provided that 
has a wide passband and small crosstall< among Its all 
channels. It includes first and second arrayed 
waveguide gratings (1 01 ,1 02) and a 2x2 optical signal 
processor (1 03). The 2x2 optical signal processor (1 03) 
Includes first to fourth directional couplers (104-107), 
and first to third delay lines (108-110). The first to third 
delay lines (108-110) have thin film heater phase shift- 



ers (1 11 - 1 1 6) for correcting phase en-ors involved in fab- 
rication. Utilizing the 2X2 optical signal processor hav- 
ing a transmission spectrum with a square profile having 
a wide passband and rejection band makes it possible 
for the optical multl/demultiplexer that combines the ar- 
rayed waveguide gratings with the waveguide type cir- 
culating filter (2 x2 optical signal processor) to widen the 
extinction bandwidth of the adjacent channel. 
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